Explaining how heterogeneous spatial patterns of species diversity emerge is one of the most fascinating questions of biogeography. One of the great challenges is revealing the mechanistic effect of environmental variables on diversity. Correlative analyses indicate that productivity is associated with taxonomic, phylogenetic, and functional diversity of communities. Surprisingly, no unifying body of theory have been developed to understand the mechanism by which spatial variation of productivity affects the fundamental processes of biodiversity. Based on widely discussed verbal models in ecology about the effect of productivity on species diversity, we developed a spatially explicit neutral model that incorporates the effect of primary productivity on community size and confronted our model's predictions with observed patterns of species richness and evolutionary history of Australian terrestrial mammals. The imposed restrictions on community size create larger populations in areas of high productivity, which increases community turnover and local speciation, and reduces extinction. The effect of productivity on community size modeled in our study causes higher accumulation of species diversity in productive regions even in the absence of niche-based processes. However, such a simple model is not capable of reproducing spatial patterns of mammal evolutionary history in Australia, implying that more complex evolutionary mechanisms are involved. Our study demonstrates that the overall patterns of species richness can be directly explained by changes in community sizes along productivity gradients, supporting a major role of processes associated with energetic constraints in shaping diversity patterns.
Introduction
Understanding how heterogeneous spatial patterns in species diversity emerge is one of the oldest and most fascinating objectives in biogeography. The description of these patterns dates back to observations made by early naturalists on long expeditions around the world (Hawkins 2001) and remains the focus of contemporary studies (Brown 2014) . Although it is increasingly recognized that general mechanisms can explain spatial patterns of species diversity (Turner 2004) , ecologists are far from reaching a consensus (Brown 2014) .
Over more than a century, a plethora of ecological and evolutionary hypotheses have been proposed to explain spatial patterns of species diversity (Evans et al. 2005) . On the one hand, evolutionary and biogeographical models determine the importance of immigration, speciation, and extinction on species distribution (MacArthur and Wilson 1967 , Hubbell 2001 , Allen et al. 2007 ). On the other hand, correlative analyses indicate that environmental factors, mainly productivity and temperature, are associated with the taxonomic, phylogenetic, and functional diversity of communities (Hawkins et al. 2003a , b, Davies et al. 2007 , Safi et al. 2011 . Although a positive association between productivity and diversity is commonly observed (Evans et al. 2005) , the mechanisms by which productivity affects fundamental process of biodiversity are not fully understood (Currie et al. 2004 , Storch 2012 , Brown 2014 .
The mechanism underlying the association between productivity and species richness was first proposed in Hutchinson's 'Homage to Santa Rosalia' (Hutchinson 1959) , and later revisited by Brown (1981) . The proposed hypothesis suggests that the availability of energy can affect the number of individuals in communities, therefore driving the accumulation of species over space and time. This initial spark culminated in the community size (also referred as community abundance) concept (Wright 1983; Allen et al. 2007, Hurlbert and Stegen 2014) that states that communities in regions with higher resource availability, mostly represented by primary productivity for animals, have larger number of individuals and are consequently less prone to extinction events.
If community size (i.e. total number of individuals) varies over broad spatial scales, simple stochastic events of dispersal, speciation and extinction could alone cause differences in species accumulation over space. Thus, simple neutral dynamics of individuals (Hubbell 2001) could potentially generate uneven distribution of species diversity over space, because larger communities accumulate more random speciation events over time than smaller communities, supporting more local speciation events and less extinction events. Although it is common in community ecology to contrast neutral expectations to observed data (Rosindell et al. 2012) , macroecological studies have seldom employed this approach, frequently relying only on correlative analysis. However, simple correlative analysis can show the strength of statistical association between productivity and diversity, but does not properly model the causes of this association (Peck 2004 ) and thus should be complemented by different model techniques that explore how productivity affects fundamental processes of biodiversity, such as dispersal, speciation and extinction.
Neutral models incorporate dispersal, speciation, and extinction caused by demographic stochasticity (Hubbell 2001) and generate predictions for several biological patterns (Rosindell et al. 2012) . Some neutral models incorporate other biological processes, such as niche structure (Gravel et al. 2006 , Chisholm and Pacala 2010 , Haegeman and Loreau 2011 , random interactions between species (Coelho et al. 2017, Coelho and Rangel 2018) , natural selection (Rosindell et al. 2015) , and metabolic theory (Tittensor and Worm 2016) . However, no previous study has evaluated their power to explain observed gradients of species diversity without violating the assumption of ecological equivalence between individuals (i.e. neutrality assumption). Here we overcome this limitation by employing a stochastic simulation model to understand the causes of the association between mammal diversity and productivity.
Mammal diversity is strongly associated with productivity and this relationship has been maintained for at least the last 20 million years (Fritz et al. 2016) . Moreover, mammal abundance and biomass increase in areas of high productivity over broad spatial scales (Oksanen and Oksanen 2000 , Aunapuu et al. 2008 , Ripple and Beschta 2012 , Letnic and Ripple 2017 . A strong association of productivity and mammal diversity is observed in the Australian continent where taxonomic and phylogenetic diversity (PD) of vertebrates in general are strongly associated with water availability and productivity (Hawkins et al. 2005 , Powney et al. 2010 , Rosauer and Jetz 2015 . Although correlated to species taxonomic diversity, PD accounts for species evolutionary history and is more discriminant of niche and neutral process than simple measures of taxonomic diversity (Graham and Fine 2008, Cavender-Bares et al. 2009 ). Thus, exploring the resemblance between simulated and empirical PD can better disentangle the failing or success of the hypothetical effect of productivity to other aspects of diversity (i.e. evolutionary history). Using a spatially explicit individual based simulation model, we explored the effect of productivity on the spatial pattern of terrestrial mammal diversity in Australia. Based on the proposed effect of productivity on community size (Brown 1981 , Wright 1983 , Allen et al. 2007 ), we assumed that community size varies over the Australian continent following the spatial variation of primary productivity and tested the association of species richness and phylogenetic diversity predicted by our model with empirical data for mammals.
We hypothesize that as community size changes from spatially constant, as usually assumed in neutral models (Davies et al. 2011 , Coelho et al. 2017 , to uneven following a primary productivity gradient, the power of our model to predict the empirical patterns of mammal diversity would increase. With uneven distribution of community size over space, more speciation and less extinction events would occur in larger communities, which could lead to higher accumulation of species diversity over space and time (Brown 1981 , Allen et al. 2007 ). Because species dispersal can be more important than in-situ diversification for vertebrates at global scales (Belmaker and Jetz 2015) we expected that differences in dispersal and in-situ speciation could have imprints in the spatial patterns of diversity. Thus, we tested how the predictive power of our model changes when varying the effect strength of primary productivity on community size, as well as under different scenarios of dispersal and speciation. Finally, we hypothesize that neutral events (i.e. random events independent of species identity) of dispersal and speciation are intensified in areas with high primary productivity and affect the turnover of species composition over space and time. Temporal turnover in species composition is indeed expected for larger communities (Allen et al. 2007, Tittensor and Worm 2016) , which under neutral community dynamics could gain more species by immigration and speciation and finally affect the accumulation of species richness and evolutionary history over time. Thus, we explored in greater detail the spatial pattern of the turnover in species composition that emerges from our neutral biogeographical simulation.
Material and methods

Spatialized biotic and climatic data
Australian terrestrial mammal species richness was mapped in an equal-area grid map with Behrman projection based on expert range maps (IUCN 2010). Equal area grid cells of approximately 110 km resolution (equivalent to 1° at the equator) were used because it is the most appropriate grain for these types of data (Belmaker and Jetz 2011) . We characterized each cell in the grid map by its net primary productivity (NPP). NPP (g C m -2 year -1 , 0.5°) was obtained through a dynamic vegetation model, MC1 (Bachelet et al. 2001 ) because estimates of NPP derived from satellite images in arid areas are unreliable due to problems of image processing (Pettorelli et al. 2005) .
The phylogenetic diversity of Australian mammals was also mapped in our gridded map. We used Fritz et al. (2009) mammal super-tree as our source of phylogenetic information. Phylogenetic and spatial data were aligned and pruned to the Australian continent, resulting in a final dataset of 255 species with both phylogenetic and spatial information. To account for phylogenetic uncertainty due to the lack of molecular information (Rangel et al. 2015) , 250 trees were randomly drawn from the Bayesian posterior distribution of fully resolved trees generated by Kuhn et al. (2011) to resolve polytomies in the supertree (Fritz et al. 2009 ), providing more realistic branch length distribution than a single tree (Rosauer and Jetz 2015) . Phylogenetic variables were calculated separately for each of the 250 trees and averaged. We computed the phylogenetic diversity (PD) in each cell by summing the branch lengths linking all the taxa occurring in a grid cell to the root of the tree (Faith 1992) .
Because PD and species richness are strongly correlated, here we disentangled them by comparing the observed PD values in each geographical cell with null models that were randomly drawn species from the regional species pool (i.e. Australian continent). Geographical cells with greater PD than expected by species richness will present positive values of sesPD (standardized effect size of PD) while cells with negative values of sesPD present less PD than expected by species richness. We calculated the sesPD for the simulated and empirical data as follows:
where PD null model is the mean PD calculated based on 999 randomizations of species drawn from the regional pool and SD null model its standard deviation. For the simulated data, sesPD is calculated for each model replicate and averaged among replicates.
Neutral simulation model
We developed a neutral individual-based simulation model to understand the effect of productivity on fundamental processes of biodiversity. Neutral models purposely disregard niche-based processes to test the importance of missing mechanisms on the emergence of recurrent ecological patterns. Our model follows the basic assumptions of neutral models, in concordance with recent implementations of neutral simulations (Boucher et al. 2014 , Tittensor and Worm 2016 , Coelho et al. 2017 ): 1) individuals are ecologically equivalent in probability of death, birth, dispersal and speciation, independent of their species identity (i.e. neutrality assumption) and 2) neutral stochastic events occur in saturated communities. Based on the broadly discussed hypothesis of the effect of productivity on diversity (Hutchinson 1959 , Brown 1981 , our model assumes that environmental productivity affects the size of communities (i.e. number of individuals in each community) over the geographical domain. Despite the regulatory effect of the environment on the number of individuals in each community, the model is still neutral in the sense that individuals do not differ in their competitive abilities or their adaptation to environmental conditions. Model overview, design concepts, details (ODD, Grimm et al. 2010 ) and algorithm are available as supplementary material. The neutral diversification of an artificial biota was simulated on the gridded map of the Australian continent. The geographical domain was initially populated by individuals of an ancestral species. At each time step one individual was randomly chosen to undergo neutral events of death, reproduction, dispersal, or speciation. The randomly chosen individual speciates with probability υ (see 'speciation mode' in Supplementary material Appendix 1) or dies with probability 1-υ (Davies et al. 2011 , Coelho et al. 2017 . If the randomly selected individual dies, the empty spot where it occurred is colonized by an immigrant descended from a randomly chosen individual from the eight neighboring grid cells (with probability m), or by a descendent of an individual of the same cell where the death event occurred (with probability 1-m). This dynamic is simulated for a given number of generations, considering one generation to be equal to the minimum amount of time required for the replacement of all individuals in the domain (Boucher et al. 2014) . To ensure the convergence of model predictions, each simulation was run for 6000 generations.
The neutral simulation dynamic runs over a geographical domain that presents different number of individuals in each community based on the effect of productivity on community size (Fig. 1) . We modeled the effect of productivity on the number of individuals in each community assuming that the number of individuals in each community (represented as grid map cells) is linearly associated with NPP in a logit scale (Bolker 2008) : (effect of productivity on community size), and P the productivity represented by the NPP of each grid cell. The logit function is used to represent the limitation imposed by space on the maximum number of individuals, alongside with limitation by productivity. In our model, each equal area grid cell represents the geographic delimitation of communities. A maximum number of individuals (N) is defined to represent how many individuals a community can hold when reaching high productivity values. Thus, even if productivity exceeds a saturation limit, space would constraint the maximum number of individuals that a community can support. In our model, the maximum number of individuals, N, was set to 30 for model simplicity and computational tractability. Because the effect of temperature on the diversity of mammals in Australia is much weaker than the effect of productivity (R 2 = 0.001 vs R 2 = 0.56 Fig. A1 in Supplementary material Appendix1) we did not include temperature in our model.
Parameter sensitivity
We explored the sensitivity of our model to small changes in α and β of the logistic function (effect strength of primary production on community size) as well as changes in dispersal and speciation probability. We also estimated the Figure 1 . Simplified graphical representation of the simulated neutral community dynamics over the Australian continent. Different shades of green define differences in community size over the geographical domain. At each model time step, one individual is randomly chosen and can undergo probabilistic events of speciation or death with subsequent substitution (from the descendants of individuals of the same cell, or by a dispersal event). The model runs for predefined number of generations, one generation being the amount of time necessary for all individuals to die in the simulation and be replaced.
parameter combination capable of best replicating the spatial pattern of species diversity in the Australian continent. The multi-dimensional 'parameter landscape' is defined by the parameters of the logistic function (α and β), dispersal limitation (m) and speciation rate (υ), which we explored using a Gibbs sampling Monte Carlo Markov Chain (MCMC) simulation (Gelman et al. 2013 ). This method can be used to evaluate the effect of parameters on the predictive power of the model (e.g. model goodness-of-fit, f ). Instead of maximizing the model predictive power, the sampler provides a complete picture of the parameter landscape, which can be described by the density of sampled parameters within a given parameter region. The density of sampled parameters can be used to estimate the uncertainty and sensitivity of the analysis. The summary statistic used in the Gibbs sampler ( f ) is a pseudo-likelihood measure (i.e. probability of data given the model parameters) approximated by a goodnessof-fit measures. Here, f is approximated by the Pearson's coefficient of linear correlation between observed and predicted species richness (see 'parameter estimation' in Supplementary material Appendix 1).
Evaluating the turnover in species composition
We quantified the change of species composition over time for each geographical cell in the geographical domain. We calculated the turnover through Simpson pairwise dissimilarity (Baselga 2010) : β sim (t, t11) = min(b,c)/a 1 min(b,c), where 'a' is the number of species that a geographical cell share between times t and t11, whereas 'b' and 'c' are the exclusive species of respectively the cell in time t, and in the cell in time t11. The Simpson pairwise dissimilarity was calculated for 6000 generations and averaged.
Results
We found that the strength of the effect of primary productivity on community size helps to determine the accumulation of species diversity. As community size moves from constant to uneven with strengthening influence of primary productivity, the power of our model to predict empirical patterns of mammal diversity in Australia increases (Fig. 2) reaching a maximum prediction of approximately 0.77 (Pearson's coefficient of linear correlation). Under the full spectrum of differences on community size across space, the model's prediction is maintained even when different ratios between speciation and dispersal (υ/m) are assumed (Fig. 2) . Thus, the effect of dispersal and speciation is almost negligible when primary productivity affects community size. The only situation in which different values of dispersal and speciation probability show an influence (albeit small) on the spatial pattern of species richness, is when the effect strength of primary productivity is held constant and dispersal is highly limited (m ~ 0) between communities, or when the probability of speciation is extremely low (υ ~ 0) (Supplementary material Appendix 1 Fig. A2 ).
By exploring the parameter space through the Gibbs MCMC (Supplementary material Appendix 1 Fig. A3 ), a strong association between empirical and simulated species richness emerges (r = 0.77, Fig. 3 ). When primary productivity affects the size of communities over Australia, empirical and simulated richness are similar in their spatial distribution (Fig. 3a, b ), but the model overestimates species richness in the east coastal region and underestimates richness in central Australia (Fig. 3c) . On the contrary, by assuming that primary productivity has no effect on community size, as traditional neutral models do, species richness is concentrated in the center of the domain and decreases towards the borders (Fig. 3e) and thus, the relationship between the model's prediction and empirical richness is negative (r = -0.15; Fig. 3g ).
All the results described above present the same pattern for Faith's PD because of its strong association with species richness (r = 0.92). Thus, as we expected, the turnover in species composition is high in the same areas where empirical richness and PD are also high (Fig. 4) . However, when controlling PD for species richness (sesPD), the neutral model fails to predict the accumulation of pure evolutionary history even when productivity affects community size (Fig. 5 , Supplementary material Appendix 1 Fig. A4 ). In fact, the relationship between observed and predicted sesPD is negative for the model that assumes the effect of productivity in community size and for the model that does not. For the empirical data, PD is greater than expected by species richness for the majority of localities in the Australian Figure 2 . Association between predicted and observed species richness under different effect strength of primary productivity on community size in a neutral simulation model. Effect strength of productivity on community size is defined by modifications of the free parameters of the logit relationship between productivity and community size (α and β, Supplementary material Appendix 1 Table A1 ). Different ratios between speciation and dispersal probability (υ/m) were tested to explore their effects on model's prediction but have minimal effect on predictions of species richness. continent (Fig. 5a ). This pattern is due to the highly divergent monotremes which occur throughout the study area. When monotremes are excluded from the analysis, areas where PD is lower than expected by species richness can be observed (Supplementary material Appendix 1 Fig. A4 ) and the negative relationship between predicted and simulated evolutionary history is maintained (Supplementary material Appendix 1 Fig. A4 ).
Discussion
Taxonomic and phylogenetic diversity of communities are strongly associated with productivity (Wright 1983, Gaston and Blackburn 2007) . However, a debate exists about the mechanisms underlying the associations between diversity and productivity (Evans et al. 2005 , Šímová et al. 2011 , Belmaker and Jetz 2015 . Based on the verbal models proposing the effect of productivity on community size (Hutchinson 1959 , Brown 1981 , we designed a simple neutral model in which community size varies over space, as a function of local productivity, to better understand the mechanism underlying the association between diversity and primary productivity. Linking the number of individuals to productivity creates larger populations in areas of high productivity, which increases community turnover and local speciation, and reduces extinction. This simple mechanism leads to higher accumulation of species diversity in productive regions even in the absence of niche differences between individuals. Our process-based model supports the role of mechanisms associated with energetic constraints on population sizes (Wright 1983 , Allen et al. 2007 ). However, our (a) against (e), (g) relationship between the patterns in maps in a and e (r = -0.15). Because the number of individuals of real-world species is unknow and computationally intractable, we cannot produce a simulated absolute value of richness in the same scale as the empirical richness. Thus, we standardized the observed and predicted richness (ranging from 0 to 1) to calculate the residual maps (c, f ). simple model is not capable of reproducing spatial patterns of mammal evolutionary history in Australia and not totally the species richness pattern (Fig. 3, 5) .
In Australia, mammal richness is positively associated with productivity (McKenzie et al. 2007 ). The peaks of diversity in the continent for amphibians, birds, and mammals are in the wetter regions along the east and north coasts (Powney et al. 2010) , whereas diversity is low in the arid western and central regions (Hawkins et al. 2005) . Previous studies have suggested that complex processes of diversification (Hawkins et al. 2005 ) and habitat heterogeneity (Williams et al. 2002) , associated with the productivity gradient, determine the patterns of vertebrate diversity in Australia. Here, we showed that with community size varying with primary productivity, spatial patterns of species diversity emerge even under simple neutral community dynamics.
In contrast to predictions of empirical observations of species diversity in Australia, neutral models usually predict higher diversity at the center of a domain (Fig. 3c , Rangel and Diniz-Filho 2005 , Economo and Keitt 2010 , Dambros et al. 2015 . When carrying capacity is constant across space, as in most neutral models (Economo and Keitt 2010 , Davies et al. 2011 , Coelho et al. 2017 , species diversity is determined only by species dispersal between adjacent communities. For example, islands that are closer to the mainland, and therefore receive more immigrants, have higher diversity than isolated islands Currie 2006, 2007) . In continental areas, communities at the periphery of a domain receive fewer immigrant species than central communities because of the reduced number of neighboring communities at the edges of the domain (Rangel and Diniz-Filho 2005) . In contrast to these predictions, we demonstrate that neutral models can create spatial patterns of species richness that better match empirical gradient of species diversity when the environment determines the number of individuals in a community. Thus, instead of predicting higher diversity at the center of the domain (Rangel and Diniz-Filho 2005) , the model predicts higher diversity in the productive regions along the east and north coast and low diversity in the arid western and central regions of Australia (Fig. 3b) . Fritz et al. (2016) showed that the relationship between mammal diversity and productivity has been maintained for the last 20 million years. Several studies suggest that biomass and abundance of endothermic predators and herbivores at large spatial scales are well explained by productivity (Oksanen and Oksanen 2000 , Aunapuu et al. 2008 , Ripple and Beschta 2012 , Letnic and Ripple 2017 , which supports the hypothesis that productivity could affect community size over space. However, it is important to note that global relationships of herbivore biomass and abundance Figure 5 . Standardized effect size of PD (sesPD) for observed and predicted data. (a) observed sesPD for terrestrial mammals in Australia, (b) the sesPD predicted by a neutral model that incorporates the effect of productivity on community size, (c) relationship between observed (a) and predicted (b), (d) the sesPD predicted by a neutral model that assumes no effect of productivity, (e) the relationship between observed (a) and predicted (d).
with productivity can be weakened by predation (Letnic and Ripple 2017) . Thus, although community size could indeed vary over broad spatial scales, the relationship between mammal abundance and productivity could be affected by several niche-based processes that are purposely absent from neutral models.
The large number of individuals in areas of high productivity can lead to increases in diversity due to sampling effects (Gotelli and Graves 1996) and the reduction of extinction rates in large populations (MacArthur and Wilson 1967, Wright 1983) . Recent studies suggest that gradients of temperature and productivity are associated with species diversity even when sampling effects are statistically controlled (Currie et al. 2004 (Currie et al. , Šímová et al. 2011 . Diversification processes incorporated into neutral models (i.e. random speciation and extinctions) could explain the emergent association of diversity and productivity (Fig. 3b) in the absence of sampling processes. Neutral models include mechanisms associated with speciation and extinction (Hubbell 2001) and offer an opportunity to integrate multiple processes into a unified framework (Tittensor and Worm 2016) . Here, we showed that integrating the effect of productivity on community size into the neutral theory of biodiversity framework can explain overall patterns of species richness.
In addition to sampling effects and extinction, several other processes have been suggested to explain large scale gradients in species diversity (Evans et al. 2005 , Allen et al. 2007 . Temperature (contemporary, or historical) can affect diversity through several mechanisms (Jetz and Fine 2012) , species dispersal can be more important than in situ diversification for birds and mammals at global scales (Belmaker and Jetz 2015) and historical factors could affect mammal evolutionary history. As we found, the hypothesis for the effect of productivity on species taxonomic diversity is not adequate to predict evolutionary history (Fig. 5) . The absence of kinetic effect of temperature (Tittensor and Worm 2016) , niche-based processes (e.g. trophic interactions (Letnic and Ripple 2017) , climatic niche conservatism (Rangel et al. 2007 ), adaptation to arid environments (Powney et al. 2010 ) and historical factors could be a possible reason for the unrealistic evolutionary history that emerges from our model and the residuals of species richness prediction (Fig. 3c) . Such a simplistic model is not expected to capture the millions of years of unique evolution of mammals in Australia and thus fails in this attempt.
Several historical factors of the Australian continent could lead to its unique patterns of evolutionary history, but species richness seems strongly explained in their absence. For example, past connections of northern Cape York and New Guinea led to a long history of biotic exchange and have an imprint in regional mammal diversity (Williams et al. 2002) . Additionally, the wet eastern biome represents a historically larger biome which has retreated with the drying of the continent, while the arid zone is more recent (Byrne et al. 2011) . Our model captures the effect of population sizes and dispersal under contemporary conditions, but not historical factors such as biome history or changes in primary productivity over time. The drying of the Australian continent (Hawkins et al. 2005 ) is a recent event in mammalian evolutionary history, with imprints on contemporary patterns of species richness and evolutionary history. Thus, past immigration events as well as history could explain differences from predicted and observed patterns of mammalian evolutionary history and the unexplained variation of species richness in our model.
Nevertheless, our results demonstrate that the overall patterns of species richness can be directly explained by changes in community size along productivity gradients, supporting a major role of processes associated with energetic constraints (Hutchinson 1959 , Brown 1981 , Wright 1983 . Additionally, our findings support the neutral theory of biodiversity (Hubbell 2001) , offering a simple mechanism to understand the effect of energy availability on fundamental processes of biodiversity in the absence of niche-based processes.
